ABSTRACT: This article is intended to describe the development of a fatigue damage model capable of assessing fatigue damage in offshore structures. This is achieved by formulating a set of damage coupled constitutive and evolution equations which make the formulation of a unified approach possible under both low and high cycle fatigue damage and consistent with the structural dynamic response of the changing/deteriorating material behaviors. The structural analysis for the whole designed period, say about 30 years, can be carried out with the aid of the proposed analytical procedure, in which the fundamental characteristics of sea wave statistics responsible for the structural dynamic response can be sufficiently considered. An offshore structure subject to complex ocean environment is described by a general stochastic system which embeds a group of stochastic subsystems, each characterizing a duty cycle. An effective analytical method is established by introducing the concept of duty strain range with a clear mathematical definition and its analytical solution which covers all possible spectral parameters. The history-dependent damage is also included in the damage model so that the overload effects can be analyzed. It should be pointed out that the whole procedure can be fully computerized such that the practical or engineering significance of varying design variables can be readily highlighted.
Fatigue damage is caused by the gradual reduction in the capacity of structural components to withstand varying service loading. However, it corresponds in physics to a rather complex mechanism characterized by the rearrangement of micro-structures of materials, which associates with an irreversible energy dissipation process. Generally, the changes in micro-structure of a material cannot be readily observed, rendering the practical difficulties in formulating the phenomena with a clear physical interpretation. Perhaps this is the main reason why for more than a century the fatigue lifetime prediction for engineering structures still relies on the empirical approach of using the Woehler's S-N curves and the Miner's law. Although this approach provides a simple engineering method in predicting the fatigue lifetime of a structure, it however fails to provide an insight into the actual failure mechanisms. Although significant advance has been made by the application of fracture mechanics, the structural dynamic response taking into account the change in mechanical behaviors of a material is yet to be portrayed. Accordingly, the damage coupled constitutive equations become necessary. These equations have been established with the theory of damage mechanics (DM) developed since the pioneering works of Kachanov [1] and Rabotnov [2] .
To introduce DM into offshore engineering, the fundamental characteristics of dynamic response of offshore structures sustaining the sea wave loading will be briefly described so that admissible analytical models can be established.
FUNDAMENTAL CHARACTERISTICS OF DYNAMIC RESPONSE OF OFFSHORE STRUCTURES
In addition to the self-supporting loading, the offshore structures are continuously subjected to the complex external loading generated by surface waves over water, wind, currents and so on. The dynamic responses of an offshore structure are in general dependent on the ocean environments, the operating manners of the offshore equipment and the characteristics of the structure itself and others.
Characteristics and Classification of Sea Wave Statistics
The sea environment is a non-stationary stochastic process which depends on several physical parameters such as over-water wind speed, water depth, geometric conditions and so on. The process can be characterized by significant wave heights and wave periods. The structural dynamic response caused by the process has been recognized as one of the major design considerations. A realistic representation of the sea environment with the consequent loading on the structure is a highly complex problem and is still a subject of intensive experimental and theoretical research. [5] [6] [7] . Therefore, the sea wave process can completely be described by the corresponding power spectra, such as Pierson-Moskowitz spectrum model for ocean waves where TD and HS denote the dominant wave period and the significant wave height, respectively; B and c are the spectral shape parameters; and W is the frequency, in radians per second.
Generally, an offshore structure should be considered as a couple, multiple degrees-of-freedom system, which is governed by a set of differential equations with non-linear hydrodynamic damping and drag terms. From the standpoint of application, the linearization technique could be used so that the stress response of offshore structures corresponding to the sea wave spectrum Equation (1) can be simplified effectively. To do so, one can assume that the spectral shape of wave forces exerted on piles is unimodel and has a form similar to the wave energy spectrum. Subsequently, the wave force spectrum can be expressed as [8] where Q denotes the force exerted on offshore structures. Generally speaking, the stress spectrum to be represented in the form of Equation (2) [9, 10] . As a function of Ks and K,, the hot-spot stress distribution along the weld line (hot-line stress) could be calculated by an empirical relation proposed by Dharmavasan and Dover [10] where {3 denotes the angle around intersection of offshore structure, with {3 = 0 °a
BASIC CONCEPTS AND FORMULATIONS OF DAMAGE MECHANICS
The fundamental framework of DM is developed based on the irreversible thermodynamics with the internal variable theory in which the observed nonequilibrium thermodynamic state is approximated by a constrained equilibrium state corresponding to the current values of a finite set of internal variables [11] [12] [13] . The material damage characterized by a finite set of internal state variables is integrated into the thermodynamic theory. Consequently, the damage coupled constitutive and evolution equations can be derived through the thermodynamic potential and the dissipative potential which are separately postulated as the convex scalar functions of all state variables and flux variables. Due to its more complete thermodynamic framework with simpler mathematical scheme, DM has been developed to a stage ready for engineering applications [14] [15] [16] [17] [18] . From practical considerations, the isotropic formulation of DM is introduced although the anisotropic formulations are also possible [19] [20] [21] [22] .
Fundamental Formulation
According to Lemaitre's theory [14] , damage represented by a scalar internal variable, D, is identified by the reduction of the net load carrying area due to microcavities and microcracks. The damage coupled constitutive equations are established through a strain equivalent postulation with the concept of effective stress, j, defined by With the assumption that damage is coupled through elastic response only, the thermodynamic potential W, as dual free energy potential ~, is expressed as [14] where 7r denotes micro-plasticity; p denotes accumulative plastic strain; E The cyclic constitutive equation is obtained by integrating Equation (13) . A simple formulation can be derived as under the assumptions of Rv and (1 -D)a' being constants over one cycle.
When the plastic strain in high cycle fatigue is assumed to be small rendering difficulty in the macro-measurement and modeling, the formulation for damage evolution may be changed to the stress space. The general formulation (13) in conjunction with a stress relative micro-plastic model leads to [14] where S2, a2 and X are material coefficients. The formulation could also be integrated to obtain the cyclic formulation [14] . 4 (15) expressed as where c = -y + 1. In contrast to Equation (15) , the number of cycle, N, has been replaced by the number of duty cycle C., which is to be defined and discussed later; and the accumulating plasticity Ap has been replaced by duty strain range A Eu with the mathematical definition and solution to be presented in the following subsection. This modification renders a small change in material coefficient S,, written as ~3. The physical and thermodynamic fundamentals for using the unified formulation to describe the whole fatigue process are established through a physical-macro-mechanics-probabilistic consistent approach [24] [25] [26] [27] [28] [29] [30] [31] .
The duty cycle C~ introduced in Equation (17) It is obvious that the introduction of duty cycle leads to two significant advantages. One is that the simple mathematical formulation for strain response which controls the damage response is possible since the sea wave response in one duty cycle could be treated as a stationary stochastic process represented by the power spectrum [see Equation (3) ]. Another is that the damage identification for both low and high cycle fatigue (in fact, this division has been nullified) is possible simply because the damage in one duty cycle corresponds to the results of accumulation.
It should be noted that the whole damage process is characterized by a Markov process in relation to the long-term sea wave statistics, and the accumulation of damage is determined by the duty strain ranges in relation to the duty cycle in which another Markov process is included.
DUTY STRAIN RANGE AND ITS SOLUTIONS
Associated with the concept of duty cycle, another characteristic quantity in relation with the dynamic response to be introduced is the duty strain range. The word &dquo;duty&dquo; associated with quantity, cycle and strain range refers to responsibility and equivalence which are often used in the theory of probability and system engineering.
Definition of Duty Strain Range
There exist many methods to define a duty strain range which could be used to characterize the strain response induced by the short-term sea wave statistics. The simplest method is to relate it to the distribution of strain peaks and assume that the stochastic process in one duty cycle is one of non-ageing effects. It implies that the interaction of sea waves in one duty cycle induces only a shift of the mean value of damage state. Consequently, the duty strain range can be defined as the mean value of all strain ranges considered. Furthermore, the non-linear relation between the strain range and damage can also be established through the definition of the duty strain range. For the damage evolution laws describing the nonlinear relation of strain and damage with the power function, Equation (17) , by means of the constant c, the duty strain range E. can be expressed similar to the equivalent stress range used in Reference [35] : where e denotes the strain level of peak with As, identifying the strain range of ith level of amplitude, and n, denotes the number of cycles corresponding to AE,. p(E) is the probability density of E, which could be expressed by means of the spectral parameters, effective band width e and irregularity factor a.
Probabilistic Description of Duty Strain Range
According to the probabilistic theory, the peak distribution of a continuous random process, x(t), can be obtained by means of the joint distribution of x(t), X(t), and x(t) if x(t) is differentiable at least twice. Assuming the expected number of peaks in x(t) above the level s is bounded, the mean value of s at time t can be expressed as where p, x&dquo; X&dquo;x, ( · ) denotes the joint distribution of x(t), x(t), and x(t). The expected total number of peaks per unit time, regardless of their magnitudes, is obtained from Equation (19) then the probability density of the stress peaks can be obtained by If x(t) is stationary and Gaussian and has a zero expectancy, then the probability density of the peaks can be derived in terms of the matrix of covariances of x(t), x(t), and x(t) which is not difficult to solve [32] . However, a simpler solution, suggested by Huston and Skopinski [33] , reads By putting Equation (23) can be simplified to [34] in which the error function (or probability integral) is defined as Equation (25) is a general expression for the probability density of the peaks of a stationary and Gaussian random process. In two extreme cases corresponding to 0 and 1 of a, Equation (25) will reduce to the Rayleigh and Gaussian distributions, respectively, i.e. for -oo < s < oo and a = 0, and for 0 < s < oo and a = 1. Except in these two extreme cases, the distribution of peaks of a stationary Gaussian random process is neither of Rayleigh nor of Gaussian type.
Using Equation (25) and with s = E, the duty strain range defined by Equation (18) This expansion leads to an alternative form of Equation (30) , that is Consequently, the series solution for the duty strain range is obtained as An alternative solution can also be derived by using a series expression. By virture of series expansion, erf (x) can be expressed as for x ~ < oo. Substituting Equation (35) into Equation (30) The solutions of duty strain range, Equations (34) or (39), are based on the series expansion of error function in the integral Equation (30) . By means of D'Alembert method of series convergency, it can be readily proved that Equation (39) is convergent with any set of the statistical parameters (e,a) and Equation (34) is only convergent with finite values of (e,a). The maximum absolute values of truncated error of (32) 
Asymptotic Solution of Duty Strain Range
In contrast with the series solutions, the solution based on the asymptotic expansion is specially suitable for larger x. It means that it needs only the fewer terms of an asymptotic expansion to obtain a required accuracy. From Equation (24) , x will tend to infinity when c approaches to zero, corresponding to the circumstances near the narrow band spectra. In these cases, an asymptotic solution is necessary.
The asymptotic expansion of Equation (26) Figure I when the expected accuracy for duty stress range is specified as input. The algorithm and formulation are the same as those described in Reference [35] for the fatigue damage assessment using Paris crack growth law. Equations (44a) and (44b) are a unified formulation for the duty strain range as a function of the strain or stress power spectrum associated with all possible spectral parameters. The accuracy of calculation with only a few terms is sufficient to satisfy the practical requirement. The comparison with several empirical and semiempirical models proposed for a similar objective has been performed by Chow and Li [35] . Excellent results as well as their practical significances were highlighted. Figure 2 as elucidated by Chow and Li [4] . If N« is assumed to correspond to number 8 of the sea state, then first 
CONCLUSIONS
From the practical requirements and the possibility of achieving an automated computer solution to predict the dynamic responses of offshore structures coupled with the changing/deteriorating material behaviors, the theory of damage mechanics is employed in the analysis of offshore structures. The damage coupled constitutive and evolution equations with the unified formulation for both low cycle and high cycle fatigue damage enable a consistent analysis for the structural dynamic response to be realized. The structural analysis for the whole designed period, say about 30 years, can be carried out with the aid of the proposed analytical procedure.
The proposed fatigue damage model is based on the fundamental characteristics of sea wave statistics responsible for the structural dynamic response taking into account changing or deteriorating material behaviors. An offshore structure subjected to complex ocean environment is characterized by a general stochastic system which includes a group of stochastic subsystems, each corresponding to a duty cycle. An effective analytical method has been established through the concept of duty strain range with a clear mathematical definition to achieve an analytical solution which covers all possible spectral parameters. The historydependent damage is also modeled so that the overload effects can be analyzed.
It is worth noting that the proposed damage model with its numerical procedure could be readily extended by integrating a more complex formulation of DM and introducing the history-dependent damage with the restoring function F described by the nonlinear one on Nm and N~. Moreover, the whole procedure could be fully computerized such that the practical or engineering significances deduced from the computed results can be identified for any design analysis.
